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The what?

« The Deep Underground Neutrino Experiment (DUNE)
- Future long-baseline neutrino oscillation experiment
- Consists of two sites 1300 km apart
- Anew MW-scale wideband v, beam with separate v and v with mode

- Will measure both v, disappearance and v, appearance

Sanford Underground
Research Facility

Fermilab
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The what?

* 4x10 kt Liquid Argon
TPCs (LArTPC)

« Measures oscillated
neutrino rates

nd v, beg

* Near detector under
design

« Measures un-oscillated

neutrino flux

Sanford Underground
Research Facility

Fermilab



The why?

The PMNS neutrino mixing matrix

1 0 0 cos 043 0 sinfy3 e cosfi, sinf;, O

0 cosf,3 sinf,; o 1 0 —sinfy, co0sf;, O

0 — sin 923 COS 923 — sin 913316 0 COS 613 0 0 1
« All mixing angles measured to be Ve

non-zero, opening the door to

measurements of the CP-violating Normal

phase o

2

« Questions: AMatm

- Does CP violation occur in the neutrino
sector? (sind #07?)

- IS 923 maX|ma|? (923 — 4507)

- What is the neutrino mass ordering?

X. Qian and P. Vogel, Progress in Particle and Nuclear Physics 83, 1 (2015)

Lancaster
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The measurement necessities

To make measurements of neutrino oscillation parameters we
need to identify oscillated neutrinos in the DUNE far detector

900

Events/0.25 GeV

DUNE v, disappearance
3.5 years (staged)

— Signal v, CC
— NC

— (v.+v,) CC
— Bkgdv, CC

Reconstructed Energy (GeV)

Events/0.25 GeV

A
o

Acquiring such samples requires:

140

—_
N
o

—_
o
o

Fully automated reconstruction

Fully automated selections

@
o
LI

]
o
L L

DUNE v, appearance
3.5 years (staged)
Normal MH, 5.,=0

— Signal (v+v,) CC
— Beam (v.+v,) CC
— NC

— (v+vy) CC

— (v,+v,) CC

Reconstructed Energy (GeV)

Distributions produced using
DUNE’s ‘Fast MC’ (truth
smearing and parameterised
detector efficiency)
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Liquid Argon TPC reconstruction

Anode wire plane

How Does a LArTPC Work UV Y
Bo Yu (BNL) Liquid Argon TPC - Wire plane image projection ° LSOP[: a fU”y automated

software chain:

- Physics simulation

Cathode : - Detector response
3 simulation
- Signal processing
- i ; | - Hit reconstruction
e —= - Pattern recognition
« Charged particles ionise argon - Track and shower
 lonisation electrons drift in electric field reconstruction
 Wire planes at anode record current - Calorimetry

from drifting electrons

T. Yang, “Automated Reconstruction, Signal Processing and Particle
Identification in DUNE,” PoS ICHEP 2016, 183 (2016)

Lancaster E53 'R
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The CC v, selection

» Selection is a Multi-
Variate Analysis (MVA)

* The selection is split into

two parts: Reconstruction of a simulated CC v, interaction
- Fiducial volume
requirement M

- 17-variable Boosted
Decision Tree (BDT)

e BDT assesses
characteristics of

- The whole interaction

- The longest track P
Alternative selection: A. Radovic, “Deep
+ The BDT inputs Learning and DUNE”, -Computlng, Analysis
include. .. Tools and Data Handling, DPF 2017

Lancaster
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The CC v, selection

* Average reconstructed track
length

- Arithmetic mean

- No weighting

_I T T T I T T T T I T T T .I T T T T T I_

5 0.05 (£ signal B
& 7 ””7] Background - 2
~ 0.04F 4
zZ ] 1
Z 0.037 18
R Work In Progress 1
< d
0.02 e
1@
1g
0.01 ] E
19
=

L

0

Ly =L+ L+ Ly)/3

100 200 300 400 500
Avg Track Length [cm]

Lancaster
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The CC v, selection

* The length of the
longest track
- Value tends to be large I _ -
when track created by a long
muon
P
§ ooif ' [dSignal ' -
B g Background - =
% 0.008 1s
z 0 S
= 0.006 4 18
: Work In Progress  {<
0.004 [ 1e
2
0.002 7 13

500 1000 1500 2000
Max Track Length [cm]

10
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-7
Q 0.185—' L L B '-'Sig'nél' T 1—E
o016 Background-
< 0.14 a =
2 .

The CC v, selection

* PIDA parameter of (dE /4 X)i = AR)™ - A = (dE /dx)l- Ry 042
longest track

- Average value of 4 from (
all measured values of
dE/dx vs. residual range

0.12-

0281 Work In Progress  {s
006} : =
0047 EH PIDA algorithm developed by B. Baller
0.02 ES ArgoNeuT Collaboration, J. Instrum. 8, PO8005 (2013)
00 20 40 . 6I0 — 8I0 — I100:
Track PIDA

Lancaster
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The CC v, selection

TMVA Input Variables: Signal Fluctuation

s Signal " Work In |

4@ Background Progressﬁ

« Number of reconstructed tracks

(1/N) dN/ 0.024

35
- Total charge in readout window as 3F -
measured by the collection plane wires 251 -
2F —

« dE/dx of longest track /7 150
=

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

» Ratio of lowest 50% to highest 50% of 050 E

measured charge o bt e

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

* Fraction of charge within 200 detector clock _ _ Signal Fluctuation

tICkS Of IOngeSt traCk TMVA Input Variables: Fraction of Track Charge

| e [T T Ejsignal |

* Fraction of the total measured charge S s Background-

contained on longest track > L Work In k
« Maximum fraction of charge contained on € o Progress

neighboring 5, 10, 50 and 100 wires
* Angle of longest track w.r.t the beam axis

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

» Longest track’s fractional transverse energy

0.2 0.4 0.6 0.8 1
Fraction of Track Charge

LancasterE=3
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The CC v, selection

TMVA overtraining check for classifier: BDTG

L L LI T 1T LI T 1T LI LI o
'é :- éignal (test salnple) ! Te Sighal (trakning sémple) I i 2 1 - .. e |
E 12 777) Background (test sample) | | » Background (training sample) °§ S ShohiRSRiachans o snas ahSs Shile o5 25 S
2 |_Kolmogorov-Smirnov test: signal (background) probability = 0.157 (0.293) TU - 7
z B = P g
8- s ‘
B — 0.6 L
- —$- Efficiency
6 Work In Progress 4 Purity
B 04

[:] Simulated CC v, spectrum (A.U.)

U/0-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

4
, 02 Work In Progress
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
-08 06 04 02 O 0.2 0.4BD1(-).G6 reso.t:nse 00 ) 4 6 3 10
P True E, (GeV)
BDT classifier shows excellent separation Efficiency and purity vs. trueneutrino energy
with no signs of over-training when selecting reconstructed event with a

BDT response > 0.8

LancasterE=3 T =
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The CC v, selection

[

0.8

NC rejection

0.6

04k

02

1 1 1 . 1 1 1 1 1 . 1 1 1 I 1 1 1 1
0 0.2 04 0.6 0.8 1
v, CC efficiency
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The CC v, selection

+ Selection of CC v, is very similar
to the CC v, selection

L Reconstruction of a simulated CC v, interaction
- Fiducial volume cut followed by e
BDT "
| A ¢
- BDT uses 30 inputs

The same 17 inputs as the CC v,

BDT T / |

Additional 13 inputs

« BDT assesses characteristics of
- The whole interaction

- The longest track

- The highest energy shower

Alternative selection: A. Radovic, “Deep

» . Learning and DUNE”, Computing, Analysis
« These additional variables . ~OmpUting y
include. .. Tools and Data Handling, DPF 2017

Lancaster
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The CC v, selection

* The number of
reconstructed showers

TMVA Input Variables: Number of Showers

8 1.2 __I T T I T T T I T T T I T I-IslilglnlalI I T T T I__
o 13_ ””’) Background { &
=z 1 ] g
© K] 1a
Z osf e
) g 1
06l Work In Progress 13
;
0.4; 7 'i.
g 1€
0.2; 7 3
g 19
o

0 2 4 6 8 10 12 14
Number of Showers

LancasterE=3
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The CC v, selection

o dE/dx of the shower

- Calculated using the first
3 cm of the shower !

TMVA Input Variables: Shower dE/dx

o2 T TSGR
0.18 [7”7] Background-
0.16

0.14
0.12

0.1
0.08
0.06
0.04
0.02

Work In Progress

(1/N) dN/ 2.56 MeV/cm

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

| B EPEPEATIN IR AT AT TR A

0O 10 20 30 40 50 60 70 80 éO
Shower dE/dx [MeV/cm]

Lancaster E&= e =
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TMVA Input Variables: Shower Length

m .go.ms;w”w”"”Isl’ighé'mw—;
The CC v, selection ;.-
€ © 0.012f s
pd o 1Z
. E 001; —: 9;:
- Total energy of the Highest Energy € o008 Work In Progress 1s
Shower (HES) 0.006 L
* Fraction of the total measured 0.004 7 —f;
S

charged contained in the HES 0.002f o —
+ Length of the HES % 200 400 600 800 1000 1200 1400

Shower Length [wires]

- Length defined in wires

 Number of reconstructed HES hits

v ; 2 s ' [signal T
per Shower hlttlng wire B 2 Background E°\°
o % 1e
- Fractional position along the HES z 4 13
to maximal charge z s 12
- Position defined in wires 2,4 Work In Progress 3
- Distance from the HES start point ) 1s
to the neutrino vertex /7 g 12
1S
« Angle of HES w.r.t. the beam axis

0—2 -1.5 -1 -0.5 0 0.5 1
shwcosz

LancasterE=3
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The CC v, selection

TMVA overtraining check for classifier: BDTG

(1/N) dN/ dx

T2 Signal (est salple) || | + Sighal (raimng sdmpia |1 S 1| 4 Efficiency
10 122 Backgrm:lnd (test s?mple) . Backgrou.n.d (training sample) ] E i 4 Purity ]
%Kolmogorov-Smlrnov test: signal (background) probability = 0.026 (0.073) : g 08 —_ D Simuluated v, CC spectrum (A.U.)__
i o= - o "0-‘._._‘ ]
8 ; 7] 34 n == " k i
o 12 & - Work In -
g Work In Progress {s & 06 = + 7
6 S i - +  Progress ]
% ;i - —o— + —
4 ; g 0.4_— . + ]
/] = - + _

| = - + + +.—+-:-+—
2 3 021 L s
’ g - - ]
S i e, ]

S O o9 | | L L L | L L | i \

-0.8 0.6 -04 -0.2 0 02 04 06 0.8 0 2 4 6 8 10
BDTG response True E, (GeV)
v
BDT classifier shows excellent separation Efficiency and purity vs. simulated neutrino
with no signs of over-training energy when selecting reconstructed event

with a BDT response > 0.8

Lancaster E&= e =
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The CC v, selection

NC rejection

02 S T

. . ] | ] ] ] | ]
0 0.2 04 0.6 0.8 1
v, CC efficiency

Lancaster
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CC v, selection tuning

RHS plot shows DUNE’s ability to
determine §qp for different values
of 6,,

v, d|sappearance provides a
preC|S|on handle on 0,,

The v, selection should be tuned to
maximise its sensitivity to 6,,

How is this done?

CP Violation Sensitivity

12
L DUNE Sensitivity 10 years (staged)
L Normal Ordering . Sln 8 =0.39
- sin’20,, =0.085 = 0.003 S sm e = 0.441
io- sm 8 =0.5
i SRS sin 6 = 0.66
8 o
4 L
2 o

Q-' -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1

6CP/JIS

21 03/08/2017 Dominic Brailsford
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TMVA overtraining check for classifier: BDTG

-é :- bi'gﬁall ttés't s'ah1'|)lle)I Ferrrs Slglnal (tll'aknlng simlrpllel) s ] L L L L IS
E 12 [777) Background (test sample) | | » Background (training sample) ] § 3 2) At eaCh teSt Cut form —
hd B i : signal (background) probability = 0. . ] - .
g 0 __Kolmogorov-Smwnovtest. gnal (background) probability = 0.157 (0.293) o g , 5: Selected energy spectra ]
=k S for two values of 6,, E
s 1) Make test cuts at £ o E
63— each discriminator §, 155_ Work In Progress _E
-+ value 5 “F .
4 S 1 -
2 Work In Progress : 05k E
| o L ola § E E
0" 08 06 04 02 0 02 04 06 08 00_ 12'3'4%67';39;0
BDTG respons
response True E, (GeV)
N 450 T T T T T T T N T 1 | T T T T T ]
= 3) Form a %2 between 1 PO 1) sel he discrimi -
400 X 3 - 4) Select the discriminator ]
3501 the two selected = 10001~ value that maximises the =
300E- energy spectraand 3 s0ol total %2 *
250 sum it E B ]
150 E 400[— -
100E Work In Progress E N N
g J 5 200 Work In Progress ]
50 = - ]
OE' o PR T = S PR |....|....|....|....|....E 0' [ L P ISR RS S B
0 1 2 3 4 5 6 7 8 9 10 -1 0.5 0 0.5 1
True E, (GeV) MVA value (cut point)
* Inclusion of reconstructed neutrino energy is ongoing
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CC v, selection tuning

« RHS plot shows y?

c . o ‘\‘ T T T L R L B
distribution for 6,,=42.3 = 1200~ -
and 923=39.80 B . ]

. . 1000~ e
- NuFit2014 minimum : o
and -1c value (normal 800 -
hierarch N .
y) 600 -
_ _ 4001~ _—
 Clear maximum in the - -
v2 distribution 2001 Work In Progress -
- MVA cut point: 0.88 e T2 T
MVA value (cut point)

* Further studies for v,

and v, are ongoing
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Summary

« DUNE is a future long-baseline neutrino oscillation experiment
that will utilise liquid argon TPC technology

 Selections for DUNE’s neutrino oscillation fits are currently
being developed

* The core of both selections is a BDT which shows excellent
separation between signal and background

 Selection tuning studies are currently taking place

24  03/08/2017 Dominic Brailsford ThaSn = DUNVE



Thank you
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Backups
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v, selection tuning

6,;(NH) to -10

2 495 51.9 6,,(IH) to +10

3 45 42.3 Max. mix. to 8,;(NH)

4 45 49.5 Max. mix. to 6,5(IH)

5 42.3 49.5 6,,(NH) to 6,,(IH)
NH: Normal Hierarchy 6,5 values taken from global fit [REF]

IH: Inverted Hierarchy

27  03/08/2017  Dominic Brailsford TRas & DUNVE



v, selection tuning

N 1200 LI I B B R |
- — X - -
1200 — ] - 8
- Testno. 1 b 1000~ Testno. 2 s
1000F- 0,5(NH) to -10 e - O,;(IH) to +10 v ]
s00)- .+ 800:— . -
6003— _f 600 -
400~ * 4001 ¢ -
2001 Work In Progress - _a Work In Progress -
0: R R I A B B
-1 05 0 05 1 -1 0.5 0 05 1
MVA value (cut point) MV A value (cut point)

Both tests show well defined maxima with comparable >

Lancaster
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1000~ o 1400 $ -
80| Max. mix. to 6,;(NH) ¢ - o0ob- Max. mix. to 0,5(IH) & 1
- . i - } .
600 ;7 800 4 =
4003_ Work In Progress * ] 600; Work In Progress . _f
- - 400[- -
2001 E 2001 =
0_—1"'—0.5""0""0{5""1'_ e S R ¥ R
MV A value (cut point) MVA value (cut point)
3 # « Test 3 and test 4 show
601 Test no. 5 c o e
; ¢ similar results
501 ) . — Test 4 has a higher
. § ] max >
40— 4 —
Y Work In Progress J', i
30— '.. . ] .
: \/ : + Test 5 shows little
201~ - sensitivity
MV A value (cut point)

Lancaster
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v, selection tuning

023 323 2
(degrees) | (degrees) Why Mvavaly EMaxy,

423 39.8 6,,(NH) to -10 | 1190.1
2 495 51.9 6,,(IH) to +10 0.88 1106
3 45 423  Max. mix. to 6,,(NH) 095  1045.87
4 45 495  Max. mix.to6,,(IH) 095 14247
5 423 495 6,,(NH) to 6.,(IH) 0.95 64.8
NH: Normal Hierarchy 6,5 values taken from global fit [REF]

IH: Inverted Hierarchy
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The v, selection

MVA Input Variables: Event Charge

Sigh'él"""'

57771 Background

(1/N) dN / 8.97e+04 ADC

o —_ N w B [¢)]

Work In
Progress

-flow (S,B): (0.0, 0.0)% / (0.2, 0.0)%

Sc

500

1000 1500 2000 2500 3000 3500
Event Charge [ADC]

MVA Input Variables: Avg Track Length

MVA Input Variables: Number of Tracks

(1/N) dN / 9.65

TMVA Input Variables:

0.05

0.04

0.03

0.02

0.01

Sighal '
Background

Progress

U/O-flow (S,B): (0.0, 0.0)% / (0.1, 0.0)%

] .

]

50 100

150 200 250 300 350

Number of Tracks

Track dE/dx

MVA Input Variables: Max Track Length

(1/N) dN / 58 cm

0.01

0.008

0.006

0.004

0.002

Sighal T
Background

ANNNRNNANY

Work In

Progress

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

200 400 6008001000200 400600 80200@200
Max Track Length [cm]

MVA Input Variables: Signal Fluctuation

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

§ oosh Signal ' | 'W i 'k' 'I' T § o3 "Signal ™ " 'V'V' " i('l' ™1 v a5y SIgRAl T T T
& 7] Background orkin . = Background orkin . 2 4773 Background
- g 12 s o025 g I :
S 0.04H Progress4s o Progress {5 z ssf
=z ’ 1s Irs) S © E
2 ” 18 o 02 s = 3F
Z 003 12 3 : = E
S 1% & T o25F
= ? 12 ©° o15 3 ]
u 1< Z S 2F
002 i s E
4 1= — 0.1 P 15F
4 ) o E
0.01f 1¢ g 1E
1P 13 0.05 z 3
’ 13 2 05F
1 1 L] g 1 1 1 g 3
0 100 200 300 400 500 0 20 40 60 80 100 0™01 02 03 04 05 06 07 08 09
Avg Track Length [cm] Track dE/dx [MeV/cm] Signal Fluctuation
. . LancasterE=
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The v, selection

TMVA Input Variables: Transverse Track Profile

% éigg‘n.all T T T T T T T T
8 35777 Background Work In
o
~ 3

Progrg
g 25 &

2
1.5
1
0.5

NN FCEN SRR AR Y E‘J}R\m A

U/0-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

0

0.2 0.4 0.6 0.8 1
Transverse Track Profile

MVA Input Variables: Maximum Fraction of Charge in 5 Wires|

© Signal’ " T [ T, LT
& 10
S Background Work In .
o =
> s Progressis
5 S
— =2
< 6 :
= S
o
o
4 s
=
)
2 S
2
é
0 5
0 02 04 06 08 1

Maximum Fraction of Charge in 5 Wires

TMVA Input Variables: Fraction of Track Charge

" ESgnar T T
S 25F ckground Work In

o =

z of Progres

z |

- 15[

U/0-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

0.2 0.4 0.6 0.8 1

Fraction of Track Charge

VA Input Variables: Maximum Fraction of Charge in 10 Wire:

© ‘Signal ' | T\ a1 1L
& 10
S Background Work In .
o &
S s Progressis
35 S
— =2
Z 2
= S
o
o
4 S
.f'.S:
%)
2 S
2
S
0 5
0 02 04 06 08 1

Maximum Fraction of Charge in 10 Wires

TMVA Input Variables: Track PIDA

E‘g 018 'S‘g'néll T r Tl rrrr
o 016 Background Work In .
s o Progressis
’g 0.12 g 3
= o1 2
Q
0.08 s
=)
0.06 S
)
0.04 @
g
0.02 &
o
0 | | =)
0 20 40 60 80 100
Track PIDA

g Signal " | a1
12 ZZ) Background Work In
1of Progres

(1/N) dN / 0.0256

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

0 0.2 0.4 0.6 0.8 1
Maximum Fraction of Charge in 50 Wires
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The v, selection

TMVA Input Variables: Maximum Fraction of Charge in 100 Wires TMVA Input Variables: trkcosx TMVA Input Variables: trkcosy

———— ———————— —
g 16 _is'ignal Work | o 8 s - gna
S ,E Background orkin g, & . S ,HZ2Background .
o = o = o . =
> nf Progressfs = Sz g2 Progress 42
o F b o b o b=
z 0 z 2 g ! 3
— 8 s = 2 — 08 3
) g g
6 e e 0.6 1
4 é ) 0.4 B éa
3 H H
2 2 2 0.2 2
o) 3 o) o)
0 5 5 0 d S
0 0.2 0.4 0.6 0.8 1 -08-06-04-02 0 0204 06 08 1 -1 -08-06-04-02 0 0204 06 08 1
Maximum Fraction of Charge in 100 Wires trkcosx trkcosy

N o  3FEETSignal " | s~ ot 1~
- o) B
o WorkIngd = & |7 Backgrouna | WOrk In g
o = o 25F =
> Progresqlis = : Progressdis
o - o
© 3 © L 8
=3 : 2 °f 3
z s = : S
g 1.5F g
e - e
g 1F g
H B H
2 2
3 05 Q
=] =]
0 -08-06-04-02 0 0204 06 08 1 0 0.2 0.4 0.6 0.8 1
trkcosz Fractional Transverse Energy
. . Lancaster E23 . ‘
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The v, selection

MVA Input Variables: Event Charge

<
-

G:0-flow (S,B): (0.0, 0.0)% / (0.0, 0.2)%

o

Q 4 gSignal T
:r; a.5 F77] Background Work In _
§ Progress 3
~ 25 3
5 2 3
€ 15 £
1
0.5 _

0 500 1000 1500 2000 2500

Event Charge [ADC]

MVA Input Variables: Avg Track Length

MVA Input Variables: Number of Tracks
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TMVA Input Variables: Transverse Track Profile
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TMVA Input Variables: Maximum Fraction of Charge in 100 Wires
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MVA Input Variables: Shower dE/dx
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TMVA Input Variables: Shower vixx - event vixx
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